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In the past decade, a “default mode network” (DMN) has been highlighted in neuroimaging studies as a set of brain regions
showing increased activity in task-free state compared to cognitively demanding task, and synchronized activity at rest. Changes
withinthisnetwork havebeen described in healthyagingaswell asinAlzheimer’sdisease(AD) andpopulationsatriskforAD, that
is,amnesticMildCognitive Impairment (aMCI)patients and APOE-ε4carriers.This is ofparticular interest in the context ofearly
diagnosis and more generally for our understanding of the physiopathological mechanisms of AD. This paper gives an overview
of the anatomical and physiological characteristics of this network as well as its relationships with cognition, before focusing on
changesinthe DMN overnormalagingandAlzheimer’sdisease. Whileperturbations ofthe DMN havebeen consistentlyreported,
especially within the posterior cingulate, further studies are needed to understand their clinical implication.
1.ABrief Historicaland Methodological
IntroductiononDefaultModeNetwork
Before the emergence of functional magnetic resonance
imaging (fMRI), the most classical way to explore brain
functional activity associated with diﬀerent cognitive states
consisted in using metabolism or perfusion Positron Emis-
sion Tomography (PET). The concept of brain resting-state
network arose from observations made when comparing
cerebral perfusion during cognitive processing to that mea-
sured during passive baseline conditions such as at rest,
that is, when subjects lie in the dark and are instructed
to think about nothing in particular. Activity decreases
in a set of brain areas were then consistently reported
during tasks compared to the resting-state, leading to the
concept of “deactivations” [1, 2]. In other words, some brain
regions appear to be more engaged during rest than during
constrained cognitive activity. These observations were then
reinforced by works showing greater deactivations with
increasing attention-demanding processes [3–7]. In these
conditions,deactivationsintensity dependsonattentionload
so that a cognitive task requiring low attention levels will
induceweakdeactivations,whilegreaterdeactivationswill be
associated with tasks requiring high attention levels.
Resting-state brain activity is mainly assessed using
18FDG-, H2O15-PET or fMRI. fMRI is a noninvasive method
that utilizes changes in blood oxygen level-dependent
(BOLD) signal to identify areas of increased or decreased
neuronal activity [8, 9]. In addition, resting-state activ-
ity can be investigated either contrasting cognitive and
baseline conditions (see above), or assessing the temporal
characteristic of brain activity measured at rest with fMRI.
Using this technique, resting-state activity was shown to be
characterized by low-frequency synchronized oscillations in
large-scalefunctionalbrainnetworks.Resting-stateactivityis
also sometimes assessed while subjects are asleep or sedated
(see for instance [10–13]). However, ﬁndings reported under
those speciﬁc conditions have to be considered with caution
since the resting-brain activity depends on consciousness
levels. In case of light sleep or sedation [14]w h i c ha r e
characterized by reduced levels of awareness and arousal,
at-rest brain activity is modiﬁed so that low frequency
ﬂuctuations are attenuated compared to the more classical
resting-state conditions described above.
There are two main methods that can be used to analyse
data obtained from an fMRI resting-state acquisition. In
the ﬁrst category, Independent Component Analysis (ICA)
is the most commonly used. It is an exploratory method2 International Journal of Alzheimer’s Disease
which allows the detection of independent brain networks
(components) from a same dataset without ap r i o r i .T h i s
is a data-driven method where maps of coactivated brain
regions are computed according to temporal correlations in
their activity. The second category mainly refers to Region of
Interest (seed)based methods, where a brainregionhasto be
selected according to ap r i o r ihypotheses. The averaged time
c o u r s eo ft h eB O L Ds i g n a li nt h i sr e g i o ni st h e ne x t r a c t e d
and correlated with the signal time-course in each voxel
of the grey matter. This method is more generally used
to explore the cortical functional connectivity at rest or
during cognitive tasks, allowing to reveal how components
oflarge-scale distributed neuralsystemsare coupledtogether
in performing speciﬁc tasks [15]. Although ICA, functional
connectivity and deactivation methods probablygive slightly
diﬀerent ﬁndings, all are used to study resting-state brain
activitywithouttheoreticaldistinction.Consequently,results
will be presenteddisregarding ofthe method inwhat follows.
However, results obtained when comparing brain activity
at rest versus during a cognitive task will be referred to as
“deactivations” while DMN “activity” or “connectivity” will
refer to analyses conducted from resting-state scans.
Using ICA and seed-based methods, multiple spatially
distributed large-scale functional brain networks have been
described and termed as resting-state networks. They mainly
include the primary sensory, motor, language, attention
and default-mode networks (DMN; see [16] for a recent
review about all these networks). Regions included in these
networks show a synchronized activity in absence of any
speciﬁc cognitive activity, that is, at rest, while they are
known to be engaged during sensory-, motor-, language-
or attention-related tasks, respectively. As for the DMN,
it includes brain areas associated with multiple high-order
functions described below. This network is now considered
as an intrinsic property of the brain, as its activity is widely
shared among living beings (for works on monkeys see
[17, 18]; for works on rats see [19]) and it seems to emerge
in early childhood [20, 21]. As the present paper focuses on
the eﬀects of AD onto brain resting-state activity, it will refer
to the DMN as it includes the regions known to be the most
sensitive to the neurodegenerative processes.
2.Physiology, Anatomy,and
CognitiveRoleof theDMN
As mentioned above, resting-state networks in general, and
the DMN in particular, are deﬁned as sets of anatomically
distant brain regions showing temporal correlations in their
spontaneous ﬂuctuations, that is, functional connectivity.
The DMN mainly includes the posterior cingulate cortex
(PCC)/precuneus, dorsal and ventral medial prefrontal,
lateral (mainly inferior) parietal cortices, and medial tem-
poral lobes (Figure 1(a)). It is thought to involve multiple
subsystems that converge on “hubs” or nodes, such as the
PCC,ventralmedialprefrontal,and inferior parietalcortices.
These hubs are strongly inter-connected and connected to
the other regions of the DMN as well [22, 23]( F i g u r e1(b)).
Interestingly, the functional connectivity observed between
remote brain regions using resting-state fMRI is consistent
with their anatomical connectivity as assessed using Dif-
fusion Tensor Imaging. This suggests that the strength of
functional connectivity within the DMN areas at least partly
depends on white matter tracts, that is, on the strength of
structural connectivity [24–29].
Despite the growing amount of knowledge regarding the
DMN physiology and anatomy, the cognitive function ofthis
network isstill poorly understood. Interestingly, thediﬀerent
brain regions of the DMN are known to be involved in
diﬀerent high-level cognitive functions. Thus, PCC activity
isreported during tasksthatimply autobiographicalepisodic
memory and self-referential processes [30–35], the medial
prefrontal cortex is associated with social cognitive processes
[36], the medial temporal lobe is mainly engaged in episodic
memory [37, 38], and the inferior parietal cortex, more
particularly the angular gyrus, is implicated in semantic
processing and attention[39, 40]. Two main hypotheseshave
been proposed regarding the cognitive role of the DMN.
First, it may subtend an introspection activity, implying
numerous abilities such as (i) time-travelling in the past,
that is, recollection of autobiographical events [13, 34, 41]
and in the future, that is, the “prospective brain” [42,
43] and the self-projection based on mental simulations
[13, 34, 41], (ii) theory of mind and social cognition, for
which human beings may have a genetic predisposition
(see [44, 45] for meta-analyses), and (iii) mind wandering
and task-unrelated thoughts [46]. First indication of an
association between DMN and introspection came from
studies using postscan interview to determine the nature of
subjects’ thoughts during the resting-state scanning [41, 47–
49]. Findings all converge to the presence of inner experi-
ences, from autobiographical memories recalling to inner
speech or mental images. Reviews and meta-analyses then
reinforced this “introspection hypothesis” by underlining
the obvious overlap between neural networks of autobi-
ographical memory, theory of mind, future envisioning,
and the DMN [13, 45]. According to a second hypothesis,
termed as the “sentinel” hypothesis, the DMN is thought
to support a broad low-level focus of attention allowing
to monitor the external environment for unexpected events
[1, 13, 50]. Several experimental works exploring diﬀuse
attention processes support this hypothesis. For instance,
DMN activity is linked to high levels of performance on
target-detection tasks where targets appear randomly at
multiple possible locations. Conversely, performance is not
associated with DMN activity when attention is focussed to
a speciﬁc location [51]. To date, none of both hypotheses
has been fully validated, leading to an open ﬁeld for future
investigations.
3.The DMN inHealthyAging
Several studies have assessed the eﬀects of normal aging on
DMN activity, and they consistently reported a signiﬁcant
eﬀect of age. More speciﬁcally, they showed signiﬁcant
reduction with age in the activity measured at rest, or
weaker deactivation, within superior and middle frontalInternational Journal of Alzheimer’s Disease 3
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Figure 1:Resting-state fMRI cerebral activity in71 healthysubjects aged from19to 80years (a)UsinganIndependent ComponentAnalysis,
we identiﬁed the Default Mode Network (DMN) encompassing here the posterior cingulate/precuneus, anterior cingulate, orbitofrontal,
ventromedial prefrontal, inferior temporal cortices, hippocampi, and angular gyri. (b) Using the posterior cingulate cortex (PCC) as a
seed in a functional connectivity analysis, we identiﬁed a larger network extending to frontal, occipital, and middle temporal regions,
as well as cerebellum, thalami, and motor cortices. Using this same method on (c) amnestic Mild Cognitive Impairment (aMCI) and
Alzheimer’s disease (AD) patients, a disruption of the connectivity between PCC and anterior then posterior brain areas was observed.
(d) 18FDG-PET resting-state measures in two groups of aMCI and AD patients compared to healthy aged controls. While in the former
group, hypometabolism was restricted to PCC and subcortical structures, it mainly extended to temporoparietal regions in the latter group.
[52], PCC/precuneus [7, 52–59], middle temporal, superior
parietal[7,52,60]andmedialareas suchasmedialprefrontal
[7,54,55,58,60,61],anteriorcingulate[53,54,61],andhip-
pocampal regions [7, 60]. These disturbances may reﬂect a
reductionin the ability to suspend DMN activity when high-
order cognitive processes are required, that is, a diﬃculty in
switching from a “default mode” to a task-related mode of
brain function [54, 55]. Older subjects were also found to
show greater activity at rest, or greater deactivations, mainly
in anterior brain areas, for example, anterior cingulate [16,
54, 56, 58, 62], medial prefrontal, and superior frontal
cortices [53]. This increased activity at rest in frontal DMN4 International Journal of Alzheimer’s Disease
regions of elderly adults has been interpreted as a reﬂect of
compensatory processes, that is, an attempt to compensate
for the decrease of resting-state activity in posterior DMN
areas ([56] see below). Thus, the Posterior Anterior Shift in
Aging (PASA) model has been proposed to account for the
fact that, while deactivations in occipitotemporal areas of
the DMN are reduced, bilateral frontal areas deactivations
increase in healthy elderly compared to young subjects [56].
However, this model does not ﬁt with all ﬁndings, especially
those reporting weak deactivations or activations (instead of
deactivations) in older subjects’ anterior DMN areas [7, 52–
55, 58, 60, 61]. In these studies, older subjects failed in
generating reinforced frontal deactivations to compensate
for posterior DMN disturbances, which is not in agreement
with the PASA model. To conclude, further investigations
are needed to better understand healthy aging eﬀects on
DMN activity and especially to explore possible functional
compensation processes in frontal areas.
There have been an increasing number of studies
exploring DMN disturbances in diﬀerent pathological states
including schizophrenia, autism, hyperactivity disorder,
epilepsy, multiple sclerosis, and Alzheimer’s disease (AD)
(see [63] for a review of results in all these pathologies).
Studies on AD are the most numerous, which is probably
due to the fact that the DMN includes two key areas in
AD, that is, the posterior cingulate cortex and hippocampal
formation. Indeed, the hippocampus is the region of earliest
and most marked atrophy (see [64]; [65] for a meta-analysis
on hippocampal atrophy), and the PCC is consistently
found to be hypometabolic early in the course of the
disease (see [64]f o ri n s t a n c e ;[ 66] for a recent study;
Figure 1(d)). As a consequence, the DMN has been the
focus of interest in studies not only on AD patients but also
in at-risk populations such as patients with amnestic Mild
Cognitive Impairment (aMCI) and asymptomatic APOE-ε4
allele carriers as well.
4.The DMN inAPOE-ε4Carriers
Works aiming at studying subjects with increased risk of
developing AD are still rare. However, their results are
of high relevance to better understand the pathological
processes early in the course of the disease. Except Koch
et al. [67]w h of o u n dn os i g n i ﬁ c a n td i ﬀerences in the
DMN activity between APOE-ε4 carriers and noncarriers,
ε4 carriers were found to be characterized by signiﬁcant
changes in brain activity at rest. These disturbances mainly
correspond to diﬀuse decreases in deactivations [68–70]a n d
PCC functional connectivity disruption with the precuneus
[68] but also increased functional connectivity between
the whole DMN and medial, as well as middle, temporal
regions [69]. Furthermore, diﬀerences were found in the
eﬀect of APOE-ε4 on DMN activity according to the age
of the subjects ([71, 72]; see [73] for a review). While
youngε4-carriers werecharacterized byhigherDMNactivity
in retrosplenial, medial temporal, and medial-prefrontal
cortices compared to young noncarriers, elderly ε4-carriers
showed reduced activity compared to old noncarriers in
anterior and posterior cingulate, and cerebellum. As men-
tioned above regarding age-related eﬀects on DMN activity,
increased BOLD signal in young ε4-carriers might also
be interpreted as a putative compensatory mechanism to
maintain normal cognitive performances. These ﬁndings
also suggest that the ε4 allele modulates neuronal activity
decades before the appearance of the clinical manifestation
of the disease [71, 72]. Conversely, attenuated BOLD signal
in older ε4-carriers might be attributed to eﬀects of early
pathology and especially to interactions between beta-
amyloid deposition or clearance and BOLD signal [72].
In addition, disruption of white matter tracts has recently
b e e ns h o w ni nA P O E - ε4 carriers, notably in the cingulum
[73]w h i c hi n t e r c o n n e c t sD M Na r e a ss u c ha st h eP C Ca n d
the hippocampus. Consequently, white mater disturbances
might underlie APOE-ε4-induced DMN activity decreases.
Altogether, amyloid plaques and/or white matter disruption
could be responsible for DMN functional disturbances
characterizing older APOE-ε4 carriers. Finally, according to
Trachtenbergetal.[74],futureworks usingfMRIshouldtake
into account several considerations which are of importance
when investigating the eﬀects of APOE-ε4o nb r a i na c t i v i t y ,
such as family history and age, as well as the inclusion of a
wider range of APOE genotypes. For instance, there might
be a dose-dependent eﬀect so that ε4 homozygotes may be
characterized by greater eﬀects on brain functional activity
compared to heterozygote subjects. As only two studies
with divergent ﬁndings have assessed this question to date
[68, 75], further investigations are needed to establish clear
assertions concerning a dose eﬀect of APOE-ε4.
5.The DMN inAlzheimer’s Disease Patients
AsforAD,DMNactivitychanges areinlinewiththosefound
using FDG-PET measure of resting-state brain metabolism,
highlighting the major involvement of the PCC/precuneus
region (see [64, 76–78] for PET studies; see [6, 53, 79–82]
for fMRI studies; Figures 1(c) and 1(d)). For instance, the
functional connectivity between the PCCand thehippocam-
pus seems to be impaired in AD (Figure 1(c)), probably as
a consequence of early hippocampal structural alterations.
This so-called disconnection hypothesis has received strong
support from previous works combining structural MRI
and PET. Thus, hippocampal atrophy seems to induce
PCC functional perturbation, as well as episodic memory
impairment, through disruption of the cingulum bundle
[64, 77, 78]. Resting-state fMRI studies showing alterations
of the temporal synchrony ofPCC and hippocampus activity
in patients with aMCI compared to healthy controls [83]
are consistent with this hypothesis. Decreases in functional
connectivity or deactivation disturbances [6] have also been
reported within the PCC of aMCI patients and interpreted
as the eﬀect of local atrophy [84]. A recent study rather
suggests that disconnection precedes gray matter atrophy
in the PCC [66]. According to these authors, PCC atrophy
would reﬂect a long-term eﬀect of brain disconnection
and lead to the conversion from MCI to AD (see below).
Some studies also reported perturbation of resting-stateInternational Journal of Alzheimer’s Disease 5
activity withinthehippocampusinADcomparedtocontrols
[79, 82, 85], but also in patients with aMCI suggesting
that it is an early process [86]. According to Xu et al.
[87], this region is characterized by a perturbation of low
frequency ﬂuctuations synchronisation. The magnitude of
theseasynchronies dependsonpathologicalstagessothatthe
mean index of hippocampal asynchrony is higher in aMCI
than in controls and still higher in patients with probable
AD compared to aMCI (see also [88] for similar results).
Alteration of DMN activity in AD is not restricted to the
PCC and hippocampal region as connectivity disruption
betweenthesestructuresandotherbrainareashavealsobeen
reported [66, 85, 89–92]. According to Gili et al. [66]a n d
Zhang et al. [91], these disruptions seem to spread within
the cortex as the disease progresses, that is, respectively, from
aMCI to AD and from mild to severe AD. Consistently,
Rombouts et al. [6] showed that aMCI deactivations were
less marked in the precuneus and medial frontal regions,
while in AD patients deactivations were restricted to medial
frontal areas. Interestingly, this study [6] also indicated that
the precuneus BOLD signal in both groups of patients
was delayed during an episodic memory task compared to
healthy aged controls. As proposed in normal aging (see
above), these ﬁndings are thought to reﬂect a diﬃculty to
switch from a resting-state to a task-related mode of brain
function, which would mainly be due to a failure of DMN
brain regions to show rapid and eﬃcient synchronisation in
their activity.
Increases in DMN activity or connectivity have also been
reported in patients with aMCI or AD as compared to
healthy aged controls. Thus, aMCI patients were found to
be characterized by (i) increases in DMN activity located
within the PCC/precuneus [93], (pre)frontal [86, 93], lateral
parietal, and middle temporal cortices [84] and (ii) increases
in functional connectivity between right parietal cortex and
left insula [94]. Increases in AD patients were found to
concern (i) DMN activity within the PCC/precuneus [93],
frontal [89, 91], occipital [95], parietal, and (pre)frontal [91]
cortices and (ii) DMN connectivity between left hippocam-
pus and prefrontal dorsolateral cortex [89] or between PCC
and left frontoparietal cortices [92]. Altogether, these results
point to the existence of potential compensatory processes
emerging in the early stages of the disease and located in
several DMN areas. It is worth mentioning that cognitive
reserve was found to modulate the eﬀect of the pathology on
brain function in general and on DMN activity/connectivity
in particular. Cerebral or cognitive reserve relates to the
capacity of the brain to cope with neuropathology so as to
minimize clinical manifestations [96]. Cognitive reserve for
instance was found to diﬀerentially aﬀect deactivations in
healthy elders versus in aMCI and AD patients [93]. Thus,
higher cognitive reserve in healthy elderly was found to be
associated with lower deactivations within the DMN and
lower task-related activity, both thought to reﬂect increased
neural eﬃciency. By contrast, aMCI and AD patients with
high cognitive reserve showed higher activity in task-related
brain areas and increased deactivations within the DMN
(PCC/precuneus,anteriorcingulate)compared tothose with
low cognitive reserve. This greater reallocation of processing
resources from the DMN to brain areas directly engaged in
the experimental task could reﬂect increased reorganization
of functional compensatory resources in patients with high
cognitive reserve. To sum up, higher cognitive reserve
abilities allow a more-with-less mode of brain functioning
in normal aging, while it compensates for pathological
processesastheyappear.Asillustratedhere fortheDMN,the
crucialroleofcognitivereserveinage-and pathology-related
brain reorganization has been widely demonstrated.
One of the main goals of studies assessing the eﬀects
of AD on the DMN is to unravel biomarkers that may be
useful for the early diagnosis of the disease. The disruption
of hippocampus or PCC connectivity could be a good
candidate as it intensiﬁes as the disease progresses [90, 92].
Lower deactivations within the whole DMN and especially
within (medial) parietal areas [80, 97] were also found
to be associated with conversion from aMCI to AD (see
[98] for a review). In addition, Koch et al. [67] suggested
that the use of multivariate analyses combining measures
of the activity of speciﬁc DMN areas to measures of
the interconnectivity between these regions improved the
diagnosis accuracy. Interestingly, using this approach, the
disease pattern observed in patients with AD could be
identiﬁed in a high proportion of aMCI patients, suggesting
that such a combination of resting-state measures may be
relevant to identify AD at a predementia stage.
All these studies provided accumulating support for a
preferential alteration of the DMN hubs in AD, though.
However, the reason for the predominant vulnerability of
these regions remains unclear. According to Buckner et al.
[13, 23], cortical hubs may be preferentially aﬀected in
AD because of their continuous high baseline activity
and/or associated metabolism which may induce increased
vulnerability (notably to beta-amyloid deposition). This
hypothesis is supported by studies showing a relationship
between amyloid deposition and impaired DMN function
in older people without dementia (see [99]f o ri n s t a n c e ) .
Further multimodal investigations in at-risk subjects and
AD patients are needed to better understand this intriguing
overlap between the DMN and the distribution of beta-
amyloid deposition in the brain.
6.Synthesisand Perspectivesforthe Future
In conclusion,at-rest brain activity is oneofthe most impor-
tant investigation ﬁelds of the past decade in neuroimaging.
Major advances have been made in the characterisation of
the physiological and anatomical properties of resting state
networks, and especially those of the DMN. Healthy aging
and AD were shown to have signiﬁcant and distinct eﬀects
on deactivations and DMN activity or connectivity. Changes
in PCC resting-state activity or functional connectivity
within the DMN for instance may be an accurate and early
marker of AD. As mentioned in this paper, previous studies
have consistently shown the involvement of this region
in the course of the disease, even at presymptomatic or
predemented stages, that is, in APOE-ε4 carriers and aMCI
populations. Given its accessibility and noninvasive nature6 International Journal of Alzheimer’s Disease
compared to metabolism PET measures, fMRI resting-state
measurement of PCC activity or connectivity is potentially
useful from a clinical point of view. However, further
explorations are needed to disentangle the complex and
heterogeneous ﬁndings, part of which being probably due to
themultipleandstillsuboptimalmethodsusedtoexplorethe
DMN. Moreover, several fMRI indices, such as BOLD signal
amplitude and temporal derivative (see [6]f o ri n s t a n c e ) ,
may prove to provide complementary information over
and above measures of synchronicity. The heterogeneity
of ﬁndings also certainly reﬂects the complexity of the
disease, as illustrated for instance by the presence of activity
increaseswithin theDMNin AD.Those increases mayreﬂect
compensatory processes, which may themselves depend on
individual cognitive and brain reserve capacity. Finally,
further studies are needed to assess the relative accuracy
of resting-state fMRI-derived PCC measures as compared
to metabolism, hippocampal atrophy, and speciﬁc episodic
memory measures. It is very likely that, if DMN (PCC)
activity proves to be clinically useful, it would have to be
considered together with other variables such as education
level, and MRI characteristics. An accurate early diagnosis
will certainly be achieved only considering overall multiple-
source information.
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